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Vertically aligned single-walled carbon nanotubes (VASWCNTs) have been successfully transferred onto
transparent conducting oxide glass and implemented as efficient low-cost, platinum-free counter electrode
in sulfide -mediated dye-sensitized solar cells (DSCs), featuring notably improved electrocatalytic activity
toward thiolate/disulfide redox shuttle over conventional Pt counter electrodes. Impressively, device with
VASWCNTSs counter electrode demonstrates a high fill factor of 0.68 and power conversion efficiency up to
5.25%, which is significantly higher than 0.56 and 3.49% for that with a conventional Pt electrode. Moreover,
VASWCNTs counter electrode produces a charge transfer resistance of only 21.22 Q towards aqueous
polysulfide electrolyte commonly applied in quantum dots-sensitized solar cells (QDSCs), which is several
orders of magnitude lower than that of a typical Pt electrode. Therefore, VASWCNTs counter electrodes are
believed to be a versatile candidate for further improvement of the power conversion efficiency of other
iodine-free redox couple based DSCs and polysulfide electrolyte based QDSCs.

ne of the greatest challenges in the twenty-first century is undoubtedly the energy conversion and

storage’. In response to the urgent renewable energy needs of modern society and emerging ecological

concerns, it is now essential to develop novel inexpensive and environmentally friendly energy conver-
sion and storage systems. Mesoscopic dye-sensitized solar cells (DSCs) have recently emerged as a credible
alternative to solid-state p-n junction photovoltaic devices, primarily due to its potential to generate electricity
on resource-abundant raw materials and energy-saving device processing’. Currently, certified power conversion
efficiency (PCE) up to 11% has been achieved in conjunction with a polypyridyl ruthenium complexes based
sensitizer and an organic solvent containing I7/I3~ redox couple’. Nevertheless, there are substantial drawbacks of
this benchmark 17/I;~ redox shuttle hindering its practical applications®, such as large energy loss of dye
regeneration process, visible light absorption and corrosiveness towards most current-collecting metal grids.
Clearly, it would be highly desirable to identify alternative, noncorrosive and weakly absorbing redox couples®”.
This will not only further boost up the PCE but also promote the practical implementation of this promising low-
cost photovoltaic technology.

Recently, Wang et al. reported a promising disulfide/thiolate (T~/T,) redox couple that has negligible absorp-
tion in the visible spectral range. Using this novel noncorrosive redox electrolyte in conjunction with a Z-907Na
sensitized heterojunction, a PCE up to 6.4% was achieved under standard illumination conditions®. However,
conventional planar platinum counter electrode showed poor catalytic activity towards this iodine-free redox
couple, thus resulting in a poor fill factor (FF) and relatively moderate PCE. The phenomenon of a low FF with
sulfur-functionalized redox mediators most likely results from the slow catalytic reduction of the oxidized species
at the platinum counter electrode®®’. The slow electron transfer thus leads to a high interfacial charge transfer
resistance limiting the FF of the device'. Therefore, it is imperative to seek suitable platinum-free catalysts that
exhibit fast electron transfer kinetics for the disulfide-to-thiolate reduction, especially taking into account the low
abundance (0.0037 ppm) and high cost (US$50/gram) of the platinum resources'".
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Additionally, semiconductor quantum dots (QDs) such as CdS,
CdSe, PbS, InAs and InP constitute reliable alternative light absor-
bers'>"* due to their intrinsic properties (i.e., size-dependent band
gap'®, high extinction coefficients', and large intrinsic dipole
moment'®). More importantly, demonstration of the multiple
exciton generation by impact ionization in colloidal QDs" could
push the thermodynamic efficiency limit of these devices up to
44%"® instead of the current 31% of the Shockley-Queisser detailed
balance limit". However, most QDs suffer from photodegradation
when used in conjunction with the I7/I;~ redox couple®.
Consequently, quantum dot-sensitized solar cells (QDSCs) are often
based on aqueous polysulfide electrolyte with minor use of the
Fe(CN)4’"/Fe(CN)s*~ couple* and various cobalt-based electro-
lytes* featuring notable attenuated corrosiveness, as well as, adjust-
able redox potential. Normally, in conjunction with such polysulfide
electrolytes, Pt and other noble metals like Au are poor catalysts, and
generate considerable overpotentials for the electrolyte regeneration.
This is reflected in a reduction of the fill factors and thus PCE of the
solar cell”’. Therefore, alternative catalytic materials for polysulfide
solution have been investigated such as CoS, Cu,S, NiS, and carbon
materials®*°. However, low electrocatalytic activities were observed
for carbon, Au, and Pt, followed by NiS, while the best results were
obtained for CoS and Cu,S recently. Nevertheless, stability measure-
ments in the presence of a photoanode indicated that CoS and Cu,S
electrodes may contaminate the electrolyte and subsequently the
photoanode*. Therefore, it would be of high importance to identify
alternative highly-active catalytic counter electrode materials for fur-
ther progress of this polysulfide electrolytes widely utilized in
QDSCs.

To this end, efforts have been made to replace Pt with abundant
low-cost alternatives in these iodine-free electrolyte systems, includ-
ing tungsten carbide embedded into the ordered mesoporous car-
bon®, mesoporous carbon nanofibers”’, niobium oxide*, Cu,S
reduced graphene oxide composite®’, and PbS*. It is worth mention-
ing that carbon nanotube (CNT) has recently attracted numerous
attentions as practical Pt-free counter electrodes material in iodine
electrolyte based DSCs and exhibited reasonable performance .
Specifically, aligned multi-walled carbon nanotube (MWCNT)
arrays have been widely used to replace the platinum counter elec-
trodes to catalyze the reduction of triiodide in DSCs with the target of
better performance and lower material cost> . In 2011, Peng’s
group developed a new fabrication method for aligned CNT's/poly-
mer film as the electrode material®® and reported an efficiency of
6.6%*. It is noted that Cheng’s team successfully obtained a PCE
of 6.05% in the iodine electrolyte system by utilizing a hybrid carbon
structure, VACNTSs grown on graphene paper™.

Single-walled carbon nanotubes (SWCNTs) can provide much
higher surface area than MWCNTs due to their single graphitic layer
structure and small diameter. Most recently, the efficiency of gel-
coated SWCNTs-DSC reached 8% in conjunction with iodine elec-
trolyte®. According to the high surface area to volume ratio in the
vertically aligned 3D structure, even higher available catalytic surface
area can be achieved in the vertically aligned single-wall carbon
nanotubes (VASWCNTs). Moreover, electrons can directly transfer
through individual tubes, instead of hopping between the different
carbon structures within this film. As the result, VASWCNT's have
been applied as low-cost counter electrode material for DSCs in our
recent work®> and demonstrated comparable PCE with iodine elec-
trolyte to the conventional Pt analogue. However, to the best of our
knowledge, these promising three-dimensional electrocatalysts have
not been employed in the iodine-free electrolyte up to date. Such
results motivated us to explore the implementation of VASWCNTs
as potential electrocatalyst for the aforementioned sulfide-mediated
electrolytes.

Herein, we present for the first time, VASWCNTs that have been
successfully transferred onto transparent conducting oxide glass and

implemented as efficient low-cost, platinum-free counter electrode
in iodine-free DSCs, featuring notably improved electrocatalytic
activity toward thiolate/disulfide redox shuttle® and aqueous poly-
sulfide electrolyte over that of conventional planar Pt counter
electrode. Impressively, The charge-transfer resistance (R.) of
VASWCNTs-counter electrode is only 21.22 Q towards aqueous
polysulfide electrolyte commonly applied in QDSCs. This value
is several orders of magnitude lower than that of a Pt electrode.
DSCs devices incorporating VASWCNTs counter electrodes and
thiolate/disulfide redox electrolytes also show a significant gain in
FF and short-circuit photocurrent density with respect to that of Pt
electrodes.

Results

As depicted in Figure 1, high quality VASWCNT's arrays were firstly
grown in a water-assisted thermal chemical vapor deposition (CVD)
system at 750°C (Process 1 in Figure 1)*, and then dry-transferred
onto FTO glass substrates to produce robust counter electrodes
(Process 2 and 3 in Figure 1). When compared with wet processing
methods, the dry-transfer method is simple, reproducible and easy to
control, offering high packing density of the obtained VASWCNT's
arrays. Such VASWCNTs offer strong van Der Waals interfacial
adhesion with a contacting surface, compared to the interaction with
the growth substrate. According to this, a simple dry contact transfer
can be achieved following the principle of the “gecko-effect” in a fully
dry state®’. Figure 2a presents a representative cross-sectional scan-
ning electron microscope (SEM) image of the as-grown VASWCNT's
arrays with a length around 30 pum, demonstrating the vertical align-
ment of these SWCNTs. As depicted in Figure 2b, following the dry-
transfer process, the lengths of the SWCNTs arrays are observed
to be approximately 6 pm due to the compression by an applied
shear-force placed on the SWCNTSs arrays, which is in line with
our previous study of the compression effect on the VASWCNTs
arrays’ lengths®. Top surface morphology from Figure 2c clearly
demonstrates the large interstices around the CNTs bundles. Such
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Figure 1 | Process flow of preparing the VASWCNTs-DSCs. Pre-etched
VASWCNT: on silicon substrate (Process 1) were flipped on top of the
FTO-glass, and then a force was loaded onside the silicon top (Process 2).
After simply removing the silicon wafer (Process 3), the VASWCNTSs were
transferred onto the FTO-glass substrate. Finally, the VASWCNTs-DSC
(Process 4) was successfully assembled by utilizing this new counter
electrode.
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Figure 2 | Representative cross-sectional SEM images of as-grown (a),
transferred (b), top morphological (c) and TEM (d) images of
VASWCNTSs. Insets of (c) and (d) show the magnified topomorphology
and panoramic TEM image.

a geometrical structure of the VASWCNTs possesses double-
functional merits of direct electron transport through individual
vertically aligned tubes as well as rapid redox diffusion in the open
structure around tubes. Figure 2d shows a typical transmission
electron microscopy (TEM) image of the SWCNTs material, after
sonication in ethanol and drop casting onto a TEM grid. It is evident
from these images that SWCNTSs have a diameter range of 2~4 nm,
giving rise to a significant high surface area of the CNTs arrays. Due
to its repeatability and simplicity, the dry contact transfer printing is
highly scalable. This technique can be applied in a roll-to-roll, or
large-scale industrial manufacturing settings.

Raman spectroscopy was further applied to characterize the qual-
ity of the VASWCNTs arrays. From the Raman characterization
(633 nm excitation) of Figure 3, it is obvious that the VASWCNTSs
are of high quality with a G/D ratio around 9. This suggests a very low
amount of defects, such as amorphous carbon in the nanotubes, as
indicated by the red circles in Figure S1. At the same time, radial
breathing modes (RBM) can be observed from the Raman spectra of
the materials.

To assess the potential applications of the VASWCNTs counter
electrodes in DSCs, devices were assembled with N719 sensitized
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Figure 3 | Raman spectra of VASWCNTs electrodes (633 nm excitation).

TiO, electrodes with a thickness of 14 pm and an active area of
0.16 cm” in conjunction with the VASWCNTs electrodes (Process
4 in Figure 1) or conventional sputtered Pt counter electrodes.
Figure 4 demonstrates the characteristic J-V performance for devices
with VASWCNTs and reference Pt counter electrodes measured
under Air Mass 1.5G illumination and the detailed photovoltaic
parameters are tabulated in Table 1. Device A with Pt electrode in
conjunction with T~/T, electrolyte exhibits an open-circuit voltage
(Vo) of 612 mV, a short-circuit photocurrent density (Ji.) of
10.26 mA cm 2, an FF of 0.56, yielding an overall PCE of 3.49%. It
is remarkable that device B with VASWCNTs displays a J;. enhance-
ment up to 12.66 mA cm >, a considerable increase in FF up to 0.68,
and produces a PCE of 5.25%. Apparently, the enhancement of the
PCE is directly originated from the J;. and FF increase.

Discussion

It is important to note that the FF of a DSC device is attenuated by the
total series resistance of the cell, including the sheet resistances of
the substrate and counter electrode, electron transport resistance
through the photoanode, ion transport resistance, and R at the
counter electrode®. Therefore, the FF enrichment in the current
work is mainly a result of the superior electrocatalytic activity
of the VASWCNTs and consequent significantly reduced charge-
transfer resistance across the counter electrode/electrolyte interface.
Significant improvement in charge transfer at the counter electrode/
electrolyte interface not only reduces internal resistances, but also
attenuates the recombination rates and concentration gradients in
the electrolyte, which have been proved to affect J;. strongly®. The
obtained FF and PCE is of great advantage when compared to that
with other catalyst materials, such as tungsten carbide embedded
ordered mesoporous carbon®, as well as graphite’. Efforts to further
enhance the PCE are currently in progress in our laboratory, which
include optimizing the photoanode structure and employment of
other sensitizers with strong hydrophobicity to inhibit charge recom-
bination between the photoelectrode and electrolyte.

The electrocatalytic activity of the as-fabricated VASWCNTs
counter electrodes towards thiolate/disulfide redox shuttle® was first
investigated by electrochemical impedance spectroscopy (EIS)***.
Figure 5a presents the corresponding Nyquist spectra of symmetrical
dummy cells with VASWCNTs counter electrodes and conventional
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Figure 4 | Photocurrent-voltage characteristics of DSCs using
VASWCNTSs or Pt counter electrodes under 1 sun illumination (AM
1.5G, 100 mW cm™2). The electrolyte was comprised of 0.4 M T, 0.4 M
T, 0.5 M 4-tertbutylpyridine, and 0.05 M LiOCl, in acetonitrile: ethylene
carbonate (6:4, V:V).
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‘ch|e 1 | EIS parameters fitted from the equivalent circuit and corresponding photovoltaic performance of DSCs with different counter
electrodes in conjunction with T-/T, electrolyte under 1 sun illumination (AM 1.5G, 100 mW cm~2)i!

Electrodes R, [Q] R+ [Q] CalF] Voc[mV] J[mA cm~?] FF PCE[%]
Pt 26.08+0.12 76.28+2.37 (4.93+0.24)E-8 612=4 10.26x0.29 0.56+0.02 3.49+0.17
VASWCNTs 25.67+0.08 12.66+1.85 (4.60+0.43)E-6 610+3 12.66+0.35 0.68+0.03 5.25+0.23

[a] R=series resistance; R=charge-transfer resistance; Cy = double-layer capacitance; V... =open-ircuit voltage; J,.=short<ircuit photocurrent density; FF=fill factor; PCE=power conversion efficiency.

Values presented here are the average of at least three samples.

sputtered Pt counter electrodes as the reference. It is generally recog-
nized that in the order of increasing frequency, the response can be
attributed to the Warburg diffusion processes in the electrolyte
and charge transfer at the counter electrode/electrolyte interface®.
Apparently, incorporation of the VASWCNTSs promotes a signifi-
cantly reduced diameter of the high-frequency semicircles. By fitting
with the Randles equivalent circuit shown in Figure S2, the R of the
VASWCNTSs as shown in Table 1 is only 12.66 Q, a value almost six-
fold lower than that of conventional Pt counter electrode (76.28 Q)
under similar measurement conditions, highlighting the superior
electrocatalytic activity of the VASWCNT's towards thiolate/disul-
fide redox couples. Furthermore, obvious high-frequency shift of the
characteristic response peaks in the high-frequency regime of Bode
plot shown in Figure 5b demonstrates a faster electron transfer at the
interface between VASWCNT's and electrolyte with respect to con-
ventional Pt counter electrode. In addition, it is also observed that the
VASWCNTs electrodes exhibit a notably larger double-layer capa-
citance (Cy) than the planar Pt electrodes do, suggesting a higher
specific surface area in the former counter electrodes. This is in
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Figure 5 | Corresponding Nyquist plots (a) and Bode plots (b) of the
symmetrical dummy cell towards thiolate/disulfide electrolyte with a
recipe of 0.4 M T, 0.4 M T,, 0.5 M 4-tertbutylpyridine, and 0.05 M
LiOCl, in acetonitrile: ethylene carbonate (6:4, V:V). The frequency
range was set from 100 mHz to 1 MHz, and the amplitude of the
alternating current was set to 10 mV in impedance measurements.

agreement with the results from other nanostructured counter elec-
trodes with a high porosity***”. Noteworthy is that our VASWCNTs
do not increase the redox diffusion resistance in the electrolyte,
probably arising from the relative open structure as characterized
by the SEM image in Figure 2c.

The superior electrocatalytic activity of VASWCNTs electrodes
towards T~/T, electrolyte inspired us to the implementation of this
encouraging counter electrode in other electrolyte systems, such as
the aqueous polysulfide electrolyte commonly applied in QDSCs.
Similar to the aforementioned experimental conditions, symmetrical
dummy cells were fabricated in combination with the aqueous poly-
sulfide electrolyte with a recipe of 1 M sulfur, 1 M Na,S*9H,0, and
0.1 M NaOH in deionized water. Figure 6 displays the corresponding
Nyquist plots (a), Bode plots (b) and Tafel curves (c) of the symmet-
rical dummy cells measured under the similar conditions. Dramatic
reduction in the R, of VASWCNTSs electrode is observed in com-
parison with that of Pt electrode as summarized in Table S1. In
parallel with previous studies on the catalytic activity for polysulfide
solutions**%*~>, planar Pt electrode exhibits a huge R, in the order
of 10° Q, mainly due to the poor catalytic activity. Encouragingly,
utilization of the VASWCNTSs greatly enhances the electrocatalytic
activity, yielding a small R, value of only 21.22 Q, as seen from the
inset of Figure 6a. To the best of our knowledge, such an R value is
the lowest ever seen in the polysulfide electrolyte, even compared
with recently reported PbS*® and Cu,S" counter electrodes.
Complementally, significant high-frequency shift of the character-
istic response peaks in the Bode plot shown in Figure 6b, further
confirms the superior catalytic activity of the VASWCNTs electrodes
to polysulfide electrolytes.

Tafel polarization measurement was further employed to study the
interfacial charge-transfer properties of the polysulfide redox couples
on the counter electrode surface. Figure 6¢ shows the logarithmic
current density as a function of applied voltage of the symmetrical
dummy cells. The exchange current density (J,) is obtained as the
intercept of the extrapolated linear region of the curve when the
overpotential is zero. In the curve at high potential (horizontal part),
the limiting diffusion current density (Ji;,) can be derived. These two
parameters are closely related with the electrochemical activity of the
catalysts®. Evidently, the anodic and cathodic branches of the
VASWCNTs electrodes exhibit an obvious larger slope than the
conventional Pt counter electrodes do, indicating the presence of a
large exchange current density (J,) on the electrode surfaces.
Moreover, a higher Jj;, is noted in conjunction with VASWCNTs
counter electrode, which suggests a higher diffusion coefficient of the
polysufide redox couple in the electrolyte compared to that of Pt
electrode according to Equation (1):

l

= m]lim (1)

where D is the diffusion coefficient of the polysulfide, I is the elec-
trolyte thickness, 7 is the number of electrons involved in the reduc-
tion of disulphide at the counter electrode, F is the Faraday constant,
and C is the polysulfide concentration®. These results confirm
that the catalytic activity towards polysulfide redox shuttle of
VASWCNTs is superior to that of conventional Pt counter electro-
des. Furthermore, studies on the photovoltaic implementation of
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Figure 6 | Corresponding Nyquist plots (a), Bode plots (b) and Tafel curves (c) of the symmetrical dummy cell towards aqueous polysulfide electrolyte
with a recipe of 1 M sulfur, 1 M Na,S 9H,0, and 0.1 M NaOH in deionized water. The frequency range was set from 100 mHz to 1 MHz, and the
amplitude of the alternating current was set to 10 mV in the impedance measurements. Tafel measurements were performed with a scanning rate of

10 mV s~

VASWCNTSs counter electrodes in QDSCs are in progress in our
laboratory.

In summary, we have developed VASWCNTs as efficient low-cost
counter electrode material in iodine-free DSCs, featuring notably
improved electrocatalytic activity towards thiolate/disulfide redox
shuttle. Spectacularly, device in conjunction with VASWCNTs
counter electrode demonstrates a high FF of 0.68 and PCE up to
5.25%, which is significant higher than 0.56 and 3.49% for that with
a conventional Pt counter electrode. Moreover, in QDSCs system, the
R, of VASWCNTSs counter electrode is as low as 21.22 Q towards
aqueous polysulfide electrolyte. This is several orders of magnitude
lower than that for Pt electrode. In comparison with alternative
counter electrode materials previous reported such as Au, CoS,
Cu,S or PbS, to the best of our knowledge, such a R value is the
lowest ever seen in the polysulfide electrolyte system. Therefore, the
highly catalytic VASWCNTs counter electrodes are believed to be a
versatile candidate for further improvement of the PCE of other
iodine-free redox couple based DSCs and polysulfide electrolyte
based QDSCs.

Methods

Similar to our previous work™, 10 nm thick Al,Oj film and subsequent 1 nm thick Fe
film are deposited onto Si substrate. VASWCNTs growth was carried out in a water-
assisted thermal CVD system at 750°C. After a quick cooling treatment, the post-
growth H,/H,O vapor etch took 3~5 min at 750°C. This etch would release the
chemical bonds between the nanotubes and the catalyst particles. And then the
VASWCNTSs were transferred onto FTO substrate by simple dry contact transfer
printing®.

Conventional sputtered Pt counter electrode was prepared by an ion sputtering
coater (SBC-12, KYKY Technology Development Ltd., China) for comparison. The
thickness of the obtained Pt film was approximately 50 nm. DSCs devices were
fabricated according to our previous reports®. Briefly, TiO, paste composed of 18%
commercial P25 nanoparticles and 9% ethyl cellulose in terpineol was used to screen
printing porous TiO, films (approximately 14 pm thick) on FTO substrate (sheet
resistance: 12 Q/square, Nippon Sheet Glass, Co., Ltd.). The obtained TiO, electrodes
were dipped into dry ethanol solution containing 5X10™* M cis-bis(isothiocyanato)
bis(2, 2'-bipyridyl-4,4'-dicarboxylato) ruthenium(II) bistetrabuyl-ammonium
(N719, ruthenium TBA535, Solaronix, Switzerland) for 20 h. The dye-sensitized
TiO, electrodes, VASWCNTSs and Pt counter electrodes were assembled to form
DSCs by sandwiching a redox couple (T~/T)) electrolyte solution composed of 0.4 M
T7, 0.4 M T,, 0.5 M 4-tertbutylpyridine, and 0.05 M LiOCly in acetonitrile:ethylene
carbonate=6:4, V:V). The organic redox couple (T~/T,) was synthesized by the
literature method®. Aqueous polysulfide electrolyte was composed of 1 M sulfur, 1 M
Na,S 9H,0, and 0.1 M NaOH in deionized water.

The morphologies of the obtained VASWCNTSs were characterized by field
emission scanning electron microscopy (FEI Quanta 400 ESEM, FEI, USA) and
transmission electron microscopy (TEM, JEOL 2010, JEOL, Japan). Raman char-
acterization (633 nm excitation) was performed by a Renishaw inVia Raman
Microscope. To assess the corresponding catalytic performance of different counter

electrodes, the R across the counter electrode/electrolyte interface was investigated
by means of EIS with the symmetrical thin-layer cells method. The frequency range
was set from 100 mHz to 1 MHz, and the amplitude of the alternating current was set
to 10 mV. Tafel measurements were performed with a scanning rate of 10 mV s™'in
the potential range of 0.6 V to —0.6 V. The photocurrent-voltage (J-V) character-

istics of DSCs were measured with a digital source meter (2400, Keithley Instruments,
USA) under AM 1.5G illumination (100 mW cm™?), which was realized by a solar

simulator (91192, Oriel, USA, calibrated with a standard crystalline silicon solar cell).
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